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Cell divisiont requires accurate cell divisions, not only in the early stages of rapid embryonic
cleavages, but also in later developmental stages. The Caenorhabditis elegans unc-85 gene is implicated only
in cell divisions that occur post-embryonically, primarily in terminal neuronal lineages. Variable post-
embryonic cell division failures in ventral cord motoneuron precursors result in uncoordinated locomotion of
unc-85 mutant larvae by the second larval stage. These neuroblast cell division failures often result in
unequally sized daughter nuclei, and sometimes in nuclear fusions. Using a combination of conventional
mapping techniques and microarray analysis, we cloned the unc-85 gene, and ﬁnd that it encodes one of two
C. elegans homologs of the yeast Anti-silencing function 1 (Asf1) histone chaperone. The unc-85 gene is
expressed in replicating cells throughout development, and the protein is localized in nuclei. Examination of
null mutants conﬁrms that embryonic neuroblast cell divisions occur normally, but post-embryonic
neuroblast cell divisions fail. Analysis of the DNA content of the mutant neurons indicates that defective
replication in post-embryonic neuroblasts gives rise to ventral cord neurons with an average DNA content of
approximately 2.5 n. We conclude that UNC-85 functions in post-embryonic DNA replication in ventral cord
motor neuron precursors.
© 2008 Elsevier Inc. All rights reserved.IntroductionThe development of the nematode Caenorhabditis elegans occurs in
two stages: embryonic and post-embryonic. During embryogenesis,
cells undergo a series of rapid, nearly invariant cell divisions, resulting
in 558 somatic nuclei (Sulston et al., 1983), and cell fates are rigidly
speciﬁed through differentiation and cell signaling pathways. Muta-
tions that block embryonic development are often lethal. Fifty-ﬁve
blast cell nuclei born during the embryonic cell divisions divide post-
embryonically, with cell lineages ranging from one to eight sequential
divisions, to complete the development of the intestine, epidermis,
nervous, and reproductive systems (Sulston and Horvitz, 1977).
The unc-85 gene is speciﬁcally required for C. elegans post-
embryonic development. Mutations in unc-85 result in variably
abnormal post-embryonic cell divisions (Horvitz and Sulston, 1980),
which have been attributed to cytokinesis failures. Lineage analysis of
unc-85(e1414)mutants revealed variable cell division failures, often in
terminal divisions. The resulting cells appear, by 4′-6-Diamidino-2-
phenylindole (DAPI) staining, to be polyploid, in some cases with a
single, apparently polyploid nucleus, and in other cases with two
nuclei contained within the same cytoplasm. Chromosome segrega-242Moos Tower, 515 Delaware
l rights reserved.tion appears to sometimes fail at anaphase. At other times, fusion
of the (often unequally sized) daughter nuclei occurs at telophase
(Sulston and Horvitz, 1981; White et al., 1982). Reconstructions from
serial section electron micrographs demonstrate that the products of
failed ventral cord neuroblast cell divisions in unc-85(e1414) mutants
differentiated into neurons, generally with the characteristics of only
one of the daughter cells that would normally be produced, but with
increased synaptic inputs andmore highly branched processes (White
et al., 1982). The failed cell divisions in unc-85(e1414)mutants occur in
speciﬁc cell lineages; the Vn, T, Qn, and Pn cells in both sexes, and the
B, E, and F lineages and the rays in males (Sulston and Horvitz, 1981).
These abnormal lineages result in uncoordination, reduced ability to
lay embryos, and a defective copulatory apparatus in males (Sulston
and Horvitz, 1981).
To understand its role in the post-embryonic development of
C. elegans, we used a combination of traditional mappingmethods and
microarray-facilitated positional cloning to identify the unc-85 gene.
We found that unc-85 encodes a homolog of the highly conserved
anti-silencing function 1 (Asf1) histone chaperone, originally identi-
ﬁed in budding yeast as a gene product that derepresses the silent
mating type locus when overexpressed (Le et al., 1997). Asf1 depletion
causes slow growth, delayed cell cycle progression at S phase, tem-
perature sensitivity, spontaneous DNA damage and gross chromo-
some rearrangements (Adkins et al., 2004; Groth et al., 2005; Korber
et al., 2006; Loyola and Almouzni, 2004; Prado et al., 2004; Sanematsu
et al., 2006). These pleiotrophic phenotypes are consistent with Asf1
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repair (Emili et al., 2001; Hu et al., 2001; Mousson et al., 2007), and
regulation of transcription (Adkins et al., 2004; Chimura et al., 2002;
Goodfellow et al., 2007; Hayashi et al., 2007; Kim et al., 2007; Korber
et al., 2006; Schwabish and Struhl, 2006). We ﬁnd that unc-85 is
expressed in all actively replicating cells in the worm where it is
localized in nuclei. Additionally, we demonstrate that the loss of unc-
85 function causes DNA replication failures in post-embryonic
neuroblast cell divisions, resulting in aneuploidy and uncoordination.
These results suggest that UNC-85 functions in DNA replication during
post-embryonic cell divisions.
Materials and methods
Nematode strains and maintenance
Nematodes were cultured using standard techniques (Brenner, 1974). The following
strains were used in this work: CB1414 unc-85(e1414) II; MT319 unc-85(n319) II, MT471
unc-85(n471) II, and FX2812 unc-85(tm2812) II; PD8603 [ccDf3/dpy-25(e817)]; PD8601
[ccDf1/dpy-25(e817)], and FN56 fnEx1[unc-85::gfp; rol-6(su1006)]. All strains are derived
from N2 Bristol. Strain CB1414 was the kind gift of J. Hodgkin, Oxford University. Strains
MT319 and MT471 were gifts kindly provided by H. R. Horvitz, Massachusetts Institute of
Technology. Strain FX2812was kindly provided by the National Bioresource Project, Tokyo
Women's Medical University School of Medicine, Tokyo, Japan. FX2812 was outcrossed
three times to N2, and the homozygosity of the tm2812 allele was conﬁrmed by single
worm polymerase chain reaction (PCR) assays (Fay and Bender, 2006). FN56 was created
for this study. All other strains were obtained from the Caenorhabditis Genetics Center.
Cloning of unc-85
Mapping the endpoints of genomic deﬁciencies
PCR was performed as described (Fay and Bender, 2006) using Taq DNA polymerase
(New England Biolabs, Ipswich, MA), with dead embryos as templates for PD8601 and
PD8603, and N2 embryos as positive controls. Primer sets (sequences available on
request) were designed to amplify genes spanning the region of Chromosome II
between vab-1 and pho-1.
Total RNA isolation and microarray analysis
Mixed stages of packed N2 and CB1414 were washed with M9 (22 mM KH2PO4,
17 mM Na2HPO4, 86 mM NaCl, 1 mM MgSO4) and resuspended in TRIzol (Invitrogen
Corp., Carlsbad, CA). Total RNAs were extracted as previously described (Burdine R,
1996), and puriﬁed by treatment with DNA-free™ DNase Treatment and Removal
Reagents (Ambion Inc., Austin, TX), thenwith the RNeasy Kit (Qiagen Inc., Valencia, CA).
For this experiment, long oligomer-based spotted microarrays for the C. elegans
genome (Genome Sequencing Center, Washington University, St. Louis, MO, website at
http://genome.wustl.edu/genome/celegans/microarray/array_spec.cgi) were used for
two independent experiments. RNA labeling and hybridization were performed by the
microarray core facility (Washington University, St. Louis, MO) using the Genisphere 3
DNA array 350 Cy3/Cy5 kit (Genisphere Inc. Hatﬁeld, PA). Image scanning, gridding and
data analysis were performed by the microarray core facility as follows: slides were
scanned after hybridization on a ScanArray Express HT Scanner (PerkinElmer,Waltham,
MA) to detect Cy3 and Cy5 ﬂuorescence. Laser power and photomultiplier tube (PMT)
values were set for optimal intensities with minimal background. A low PMT scan was
used to characterize saturated spots at high PMT setting. Gridding and analysis of
images was performed using Express V2.0 software (PerkinElmer). The intensity values
were normalized and ﬁlteredwith GeneSpring 7.2 software (Agilent, Redwood City, CA).
Local background intensity was ﬁrst subtracted from individual intensity, and for each
transcript, the mean intensity from duplicated hybridizations to control value ratios
were calculated. A t-test (5% conﬁdence) was applied to assess the statistical
signiﬁcance of the ratios. Transcripts with two-fold-change ratios and p-valueb0.01
were selected for further analysis.
Conﬁrmation of the unc-85 exon–intron structure and 5′ UTR
Total RNAs were extracted from N2s as described above. The reverse primer, IF15,
5′GGCTGCGATGGGGGATTCTCTTT, which probes for a sequence in the second exon of
F10G7.3, was used with 2 μg of total RNAs from N2 for ﬁrst strand cDNA synthesis
using the SuperScript® II reverse transcriptase (Invitrogen), according to the manu-
facturer's instruction. A forward primer based on the SL1 splice leader sequence
(5′GGTTTAATTACCCAAGTTTGAG) was used with IF15 for PCR with iProof high-ﬁdelity
DNA polymerase (Bio-Rad Laboratories, Hercules, CA). The PCR products were
sequenced to conﬁrm the 5′ UTR. The predicted intron–exon structure was conﬁrmed
by sequencing three cDNA clones, yk380E10, yk1613F02 and yk173G7 (kindly provided
by Dr. Y. Kohara, National Institute of Genetics, Japan).
Construct design and transgenic animals
For reporter gene construction, a genomic DNA fragment containing unc-85,
including 1057 bp of upstream and 680 bp of downstream sequences, was directly PCRampliﬁed from a single N2 (Fay and Bender, 2006), using iProof high-ﬁdelity DNA
polymerase (Bio-Rad). The product was subcloned into pBluescript II SK- (Stratagene,
Cedar Creek, TX) using PstI and XhoI sites engineered into the upstream and down-
stream primers, creating pFB61. A fragment from pPD118.33 (Fire lab) containing the
GFP sequence was PCR ampliﬁed using primers designed for in-frame insertion prior to
the unc-85 stop codon. The gfp PCR product was puriﬁed, then used to create an unc-
85-gfp fusion construct with the QuikChange XL Site Directed Mutagenesis System
(Stratagene) (Geiser M et al., 2001). The fusion product was cloned into pBluescript II
SK-, creating pFB62, which contains 1057 bp upstream of the unc-85 AUG, the unc-85
coding region, the gfp coding region, and 680 bp downstream of the unc-85 stop codon.
Transgenic lines were generated by microinjecting N2s with a mixture of 10 μg/ml
pFB62, 100 μg/ml pRF4 (Mello et al., 1991), and 50 μg/ml 1 Kb DNA ladder (New England
Biolabs) using standard techniques (Mello and Fire, 1995). Eight lines were obtained,
and all displayed similar expression patterns.
For transgene rescue of unc-85(e1414) animals with F10G7.3, single N2 and MT319
worms served as templates for PCR ampliﬁcation of unc-85, including 1057 bp of
upstream of the AUG codon and 680 bp downstream of the stop codon. PCR products
were puriﬁed, and 5 μg/ml of each mixed with 100 μg/ml pRF4 were microinjected into
CB1414. For rescue of the unc-85(e1414) mutation with a transgene encoding the
amino-terminal functional domain of UNC-85, the QuikChange XL Site Directed
Mutagenesis System (Stratagene) was used to delete the genomic fragment encoding
V160 to Q275, with pFB62 as template. The resulting plasmid, pFB64 (5 μg/ml), mixed
with 100 μg/ml pRF4, was microinjected into CB1414. For transgene rescue of unc-85
(e1414) animals, 2.5, 5, 10, and 20 μg/ml of cosmids F10G7, F41C3 and C27D9 (kind gift of
A. Coulson, Sanger Centre, UK) mixed with 100 μg/ml pRF4 were individually micro-
injected into CB1414. For all injections, progeny were scored for transformation by
expression of the dominant roller phenotype. The transgenic progeny were then scored
for rescue of the mutant phenotype, assessed by the determining whether the animal
could move backwards when tapped on the head and could lay embryos efﬁciently.
Primer pair sequences are available on request.
Quantitative RT-PCR (qRT-PCR)
Embryos and staged worms (L1/L2, L3, L4, and young adults) were collected
(Stiernagle, 2006), and total RNAs extracted as described (Burdine R, 1996). ama-1, the
gene encoding the largest subunit of C. elegans RNA polymerase II, was used as an
endogenous standard (Johnstone and Barry, 1996). Reverse transcription and PCR of unc-
85 and ama-1mRNA were done in individual wells with the SuperScript™ III Platinum®
SYBR® Green One-Step qRT-PCR Kit (Invitrogen) using 100 ng of each sample. Primers for
unc-85 were 5′GCCAGGAAGATGACGATGAG and 5′ATCCACTTCTTCAGCGTTGG; primers
for ama-1 were 5′ACGTCGCCTACCTACACTCCE and 5′ TACGTTGGCGATGTTGGA. Experi-
ments and analysis were performed with a LightCycler® 480 Real-Time PCR Instrument
and LightCycler® 480 Basic Software (Roche Applied Science, Indianapolis, IN).
Preparation and characterization of UNC-85 antisera and immunoblotting
Residues 259E-271Q of UNC-85were selected as a peptide antigen for generation of
polyclonal rabbit antisera (Sigma-Genosys, St. Louis, MO). Antisera were afﬁnity
puriﬁed on a column of CNBr activated Sepharose 4B covalently linked to the peptide,
then preabsorbed with an MT319 acetone powder to further reduce background
(Harlow and Lane, 1988). N2, CB1414, MT1065, and MT319 mixed stage lysates were
extracted as described (Duerr, 2006), and protein was quantiﬁed using the BCA-1 kit
(Sigma-Aldrich Co., St. Louis, MO). Lysates (30 μg/sample) were electrophoresed on 15%
polyacrylamide gels and transferred to nitrocellulose (Bio-Rad). Immunoblotting was
performed as described (Yang and Kramer, 1999) with 1:300 afﬁnity-puriﬁed anti-UNC-
85 as the primary antibody and 1:5000 horseradish peroxidase-conjugated goat anti-
rabbit IgG (Jackson Labs, Bar Harbor, Maine) as the secondary antibody. We also tested
UNC-85 antisera for use in indirect immunoﬂuorescence of dissected gonad arms and
embryos (Duerr, 2006), but no signals could be detected.
DNA quantiﬁcation and ﬂuorescence microscopy
To examine motoneurons in newly hatched L1 larvae, adult hermaphrodites were
dissected using a 22 1/2 G needle, embryos were transferred to unseeded NGM plates,
and arrested L1s were washed off 12 h later. Synchronized L3s werewashed three times
with M9 buffer. Worms (N2 and MT319) were ﬁxed with Bouin's ﬁxative (Nonet et al.,
1997), stained for 10 min with 1 μg/ml DAPI (Sigma-Aldrich) in PBS containing 0.5%
Triton X-100 (PBSTx), washed twice for 10 min with PBSTx, then mounted (Duerr,
2006). A Zeiss (Thornwood, NY) LSM510META confocal microscope, equipped with a C-
Apochromat® 40×/1.2 W Corr objective, was used to collect 0.4 μm optical sections at
1.5× zoom. The DNA contents of individual ventral cord motoneurons were quantiﬁed
by summing measurements from all sections in the Z-stack minus background signal
using MetaMorph software (Molecular Devices, Sunnyvale, CA). For each animal, the
average DNA measurement obtained from body wall muscle nuclei was assigned as a
2 n standard, and used to convert DNA contentmeasurements of individual ventral cord
motoneurons to haploid genomes. The DNA content measurements from N2 and unc-
85(n319)were analyzed to generate a histogram, and to perform a one-tailed Student's
t-test (1% conﬁdence) using KaleidaGraph 3.0 software (Synergy Software, Reading, PA).
Fluorescence microscopy of strains expressing UNC-85 was performed using a
Zeiss Axiovert 200 M inverted microscope equipped with plan-Apochromat®
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ApoTome system and Zeiss AxioCam MRm digital CCD camera to capture 1.0 μm
optical sections. Corresponding differential interference contrast (DIC) images wereobtained under the same conditions. Three-dimensional visualizations of optical
sections were reconstructed using ImageJ (NIH Image, Bethesda, MD) and Zeiss
AxioVision software.
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The cDNA clone yk1613F02 served as a template for preparation of digoxigenin-
labeled antisense and sense DNA probes for unc-85 with DIG DNA Labeling Mix (Roche
Applied Science, Indianapolis, IN). Probe synthesis and RNA in situ hybridization of
dissected gonads were performed as described (Lee and Schedl, 2006). RNA in situ
hybridization of whole mount embryos was performed as described (Seydoux and Fire,
1995) with the following modiﬁcations: an equal volume of 3 mg/ml chitinase was
added to the embryos, embryos were incubated at room temperature for 2 min, then
washed with PBS+0.1% Tween-20 and transferred to poly-L-lysine coated slides. Probes
were detected using an alkaline-phosphatase-conjugated anti-DIG Fab2 fragment
(Roche, 1:2500). Brightﬁeld transmitted-light microscopy was performed using a Zeiss
AxioImager A1 m microscope equipped with EC Plan-Neoﬂuar 20×/0.5, 40×/0.75, and
plan-Apochromat® 63×/1.4 N.A. oil immersion objectives, and a Zeiss AxioCam MRc
color digital camera.Results
unc-85 encodes a homolog of the yeast histone chaperone Asf1
The unc-85 gene (II: −3.07±0.130) was previously mapped to a
region of chromosome II between vab-1 (II: −3.84± 0.065) and pho-1
(II: −1.81±0.021), covering 641.8 Kb (Beh et al., 1991; Miller et al.,
1993). Because of a paucity of suitable genetic markers and conﬁrmed
SNPs in the unc-85 region (Wormbase, 2005), conventional three-
point mapping was not feasible. The rearrangement ccDf1 (right end:
−3.31; Fig. 1A) deletes vab-1 but not unc-85, while ccDf3 (right end:
−2.78; Fig. 1A) deletes both vab-1 and unc-85 (C. elegans Sequencing
Consortium, 1998). Therefore, unc-85 must be located between the
endpoints of these two deﬁciencies. To narrow the region containing
unc-85, the endpoints of these deﬁciencies were mapped using PCR to
amplify one gene per cosmid in the unc-85 region. The results
indicated that unc-85 is located between rpn-5 and C27D9.1, a 59 Kb
region spanning three cosmids (Fig. 1A, shaded area): F41C3, F10G7
and C27D9, however no rescued progeny were observed when each of
these three cosmids was injected into the germlines of unc-85(e1414)
mutants.
Because unc-85(e1414) had been characterized as weakly amber
suppressible (Horvitz and Sulston, 1980), we hypothesized that the
mutant mRNA would be subject to nonsense-mediated decay,
resulting in decreased gene expression (Hentze and Kulozik, 1999).
We therefore used a recently developedmicroarray approach to detect
the predicted decrease in gene expression (Dybbs et al., 2005),
focusing on the entire region between vab-1 and pho-1 that was
identiﬁed as containing unc-85 in earlier mapping studies (Beh et al.,
1991; Miller et al., 1993). Total RNAs isolated from both wild-type and
unc-85(e1414)wormswere hybridized to long oligomer-based spotted
C. elegans genome microarrays to detect statistically signiﬁcant
decreases in gene expression. Candidates for unc-85 were selected
according to three criteria: 1) expression levels decreased by more
than half, 2) p-value less than 0.01, and 3) location between vab-1 and
pho-1. Eight candidate genes ﬁt these criteria: C33F10.1, F41C3.5,
C27D9.1, F10G7.3, F11G11.8, T23B7.1, ZK546.7 and F35D11.11. Genetic
mapping with the two deletions, ccDf1 and ccDf3, was next used to
further narrow the unc-85 candidates; genes that could be PCR
ampliﬁed from ccDf1, but not from ccDf3, were retained as unc-85Fig. 1. Gene and domain structure of UNC-85 (F10G7.3) and homology with Asf1 proteins. (A)
was located between vab-1 and pho-1 on chromosome II. Deﬁciency mapping narrowed th
deﬁciencies ccDf1 and ccDf3 (indicated by open boxes), spanned by three cosmids. (B) Gene
sequencing and the locations of the molecular lesions in three mutant alleles are shown. Alle
premature UGA stop codon. Alleles n319 and n471 are point mutations (arrowhead and asteri
using NCBI's ConservedDomain Database. The amino-terminal anti-silencing functional doma
be translated from three mutant alleles of unc-85 are also shown. The predicted protein prod
residues resulting from the frameshift (white box). The n319 and n471 nonsense mutations
respectively. (D)Multiple sequence alignment of UNC-85 (F10G7.3, NP_494837)with Asf1 hom
C. elegans ASFL-1/C03D6.5 (NP_492567), Saccharomyces cerevisiae yAsf1 (NP_012420), Dros
(NP_060624). Black background, identical amino acids; dark gray, conserved residues; light gr
n319 and n417, respectively. The dashed line above the UNC-85 sequence indicates the residucandidates (Fig. 1A). The only genes that could be PCR ampliﬁed from
the ccDf1 strain, but not from the ccDf3 strain, F10G7.3 and F35D11.11
(data not shown), were then PCR ampliﬁed fromwild-typeworms and
microinjected into unc-85(e1414) mutants to test for germline DNA
transformation rescue. No rescue was observed with F35D11.11; how-
ever, rescue was observed from 12% (45/378) of the transgenic pro-
geny of unc-85(e1414) mutants injected with F10G7.3, suggesting that
F10G7.3 was likely to encode UNC-85.
To conﬁrm the molecular identity of F10G7.3 as unc-85, the coding
region was PCR ampliﬁed and sequenced fromworms bearing each of
three mutant alleles. Surprisingly, the e1414 molecular lesion was
identiﬁed as a 142 nucleotide deletion, resulting in a frameshift
followed by a premature UGA stop codon (Figs. 1B–D), rather than an
amber mutation as was previously suggested by suppressor analysis
(Horvitz and Sulston, 1980). This result is consistent with our
observation that the PCR ampliﬁed F10G7.3 genomic fragment from
unc-85(e1414) worms is smaller than that from wild-type worms
(data not shown), suggesting that it is a small deletion. The e1414
deletion resulted in decreased unc-85 mRNA levels and an absence of
full-length UNC-85 protein (Fig. 2). When e1414 was placed over
deﬁciency mDf15, which includes unc-85, the worms displayed a
similar uncoordinated phenotype to e1414 worms, and there was no
decrease in embryonic viability, suggesting that e1414 may be null (J.
W. Reuter and F.P. Finger, unpublished data). The n319 and n471 alleles
were identiﬁed as nonsense mutations in which single nucleotide
substitutions converted Trp codons (UGG) to stop codons (UGA) at
positions 41 and 154, respectively (Figs. 1B–D). These results conﬁrm
the identity of F10G7.3 as unc-85.
The unc-85 gene (also called asf-1; Han et al., 2005) is predicted
to encode a C. elegans homolog of the yeast Asf1 (yAsf1) protein
(Wormbase, 2005), a histone chaperone that loads H3/H4 hetero-
dimers onto chromatin. We conﬁrmed the intron–exon structure of
gene model F10G7.3 predicted in Wormbase (2005) by sequencing
unc-85 cDNA clones and the 5′ UTR region. The UNC-85 protein
architecture was generated through protein–protein BLAST
(BLASTp) from NCBI. The results of multiple sequence alignments
of full-length Asf1 homologs from various species indicate that the
ﬁrst 155 amino acids, corresponding to the anti-silencing domain,
are highly conserved (Fig. 1D). For example, the functional domains
of UNC-85 and yAsf1 are 50% identical and 79% homologous.
Running BLASTp against the C. elegans genome identiﬁed a second
gene encoding an Asf1 homolog, C03D6.5, which we have named
asﬂ-1 (anti-silencing function 1-like). The full-length UNC-85
protein and the predicted ASFL-1 protein are 78% identical and
97% homologous, with most of the variation in the C-terminal tail
region (Fig. 1D).
Polyclonal rabbit antisera directed against the C-terminal tail of
UNC-85 were used to probe immunoblots of total protein lysates from
wild-type, the three unc-85mutant strains, andworm lines expressing
an UNC-85-GFP transgene (Fig. 2A). UNC-85 and the GFP fusion
protein were detected at their predicted sizes of 31 and 59 kDa,
respectively. Full-length UNC-85 proteins are undetectable in lysates
from the three mutant strains, consistent with the truncations
predicted to result from the mutations.Genomic and genetic map positions of unc-85. Previous studies determined that unc-85
e location of unc-85 to a 59 Kb region (shaded area) between the right endpoints of
structure of unc-85 (F10G7.3). The intron–exon structure of unc-85 obtained from cDNA
le e1414 bears a deletion (dashed line), predicted to result in a frameshift followed by a
sks), resulting in premature UGA stop codons (C) UNC-85 domain architecture predicted
in is shown in gray and the C-terminal tail is indicated in black. The proteins predicted to
uct of e1414 contains only the ﬁrst 114 residues of UNC-85 (gray), followed by 18 novel
are predicted to result in the termination of translation following residues 40 and 153,
ologs performed using Align X (Vector NTI Suite 7.1, Invitrogen). The alignment includes
ophila melanogaster dAsf1 (NP_524163), and human hAsf1a (NP_054753) and hAsf1b
ay, similar residues. The arrowhead and asterisk indicate the pointmutations from allele
es deleted in e1414. The residues translated following the frameshift are also indicated.
Fig. 2. Expression of unc-85mRNA and protein. (A) Immunoblotting of UNC-85. Lanes 1–5 show equal protein loads of mixed stage hermaphrodite lysates from (1) wild-type, (2) unc-
85(e1414), (3) unc-85(n471), (4) unc-85(n319) and (5)unc-85ã::gfp. Upper panel, UNC-85 antibody; lower panel, α-tubulin antibody (loading control). The positions of UNC-85
(31 kDa) and UNC-85-GFP (59 kDa) are indicated by arrowheads. (B) Relative mRNA expression levels measured by quantitative RT-PCR from staged wild-type (N2) and unc-85
mutant strains bearing the e1414, n319 or n471 alleles, normalized to N2 L1/L2s. The x-axis indicates the developmental stage; the y-axis indicates the relative mRNA level. Error bars
represent standard deviations.
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functional domain of yAsf1 fully complements asf1Δ (Daganzo et al.,
2003). We therefore tested whether expression of the corresponding
region of UNC-85 (Fig. 1D), could rescue the uncoordination and egg-
laying phenotypes of unc-85(e1414) mutants. A transgene encoding
the ﬁrst 159 amino acids of UNC-85 under the control of the native
promoter and with the native 3′ UTR was injected into unc-85(e1414)
worms. Full rescue was observed in 9% (19/211) of the transgenic
progeny, comparable to the 12% rescue (45/378) obtained with the
full-length transgene. These results suggest that, as in yeast, UNC-85
protein function resides primarily in the amino-terminal anti-
silencing functional domain.
Expression of unc-85 mRNA is developmentally regulated
We next examined changes in unc-85 expression levels during
development using qRT-PCR. Embryos and four later developmental
stages of wild-type worms and strains bearing each of the three unc-
85mutant alleles were collected, and equal amounts of total RNA from
each were used as templates for the qRT-PCR reactions. ama-1, the
gene encoding the largest subunit of C. elegans RNA polymerase II, was
used as an endogenous standard (Johnstone and Barry,1996). The qRT-
PCR results were normalized to the expression level of wild-type L1/2
larvae. In wild-type worms, the relative unc-85 mRNA expression,
determined by qRT-PCR, gradually increases during development. A
25-fold increase in expression in young adults is observed, probably
reﬂecting proliferation of the germline and in utero early embryonic
cell divisions (Fig. 2B). Relatively high expression is also observed in
embryos (10-fold higher than in L1/L2, Fig. 2B). These results suggest
that normal unc-85 expression correlates with cell proliferation
throughout development. Expression from all three unc-85 mutant
backgrounds remains low during development.UNC-85 is expressed in replicating cells throughout development and is
localized in nuclei
To determine the subcellular localization and expression pattern of
UNC-85, we generated transgenic lines expressing UNC-85 transla-
tional fusions toGFP at either the amino- or carboxyl-terminus. Several
lines were obtained from each construct, and all exhibit the same
expressionpattern. As expected for a putative histone chaperone, UNC-
85-GFP is localized to nuclei. It is highly and ubiquitously expressed in
embryonic cells (Fig. 3B), although expression was not detected prior
to the 30-cell stage (data not shown), and often appears stronger in the
anterior of the embryos. Expression is also observed during the ﬁrst
larval (L1) stage in the nuclei of ventral cord neurons (Fig. 3D, arrow-
heads), and in intestinal nuclei (Fig. 3D, arrow), which undergo endo-
reduplication before eachmolt. Consistentwith the timingof intestinal
endoreduplication cycles, UNC-85-GFP is expressed in the intestinal
nuclei at later larval stages prior to eachmolt, (Fig. 3F, arrow). From the
mid-third (L3) through the fourth (L4) larval stages, expression is
observed in vulval precursor cells (Figs. 3H and J), which divide to
generate the vulval primordial cells, which are responsible for form-
ation of the epidermal egg-laying system (Sternberg, 2005). GFP ex-
pression is not detected in the germline at any stage of development, or
in early embryos, most likely due to germline-speciﬁc silencing of
transgenes from high-copy arrays (Kelly and Fire,1998). GFP expression
was also not observed in adult hermaphrodites (not shown),whichhave
completed all of their cell lineages. We also attempted to localize the
endogenous protein by indirect immunoﬂuorescence using the poly-
clonal UNC-85 antisera, but we were unable detect any signals.
To determine if the unc-85 gene is expressed in the germline and in
early embryos, we performed in situ hybridizations to embryos and
extruded germlines using an antisense DNA probe derived from the
unc-85 cDNA (Figs. 4A, C and E). No hybridization was observed
Fig. 3. UNC-85-GFP is expressed in replicating cells throughout development. (A, C, E, G
and I), DIC images; (B, D, F, H and J), corresponding Z-series projections. (A, B)
Multicellular embryo with UNC-85-GFP in nuclei. (C, D) Expression of UNC-85-GFP in
ventral cord (arrowheads) and intestinal (arrow) nuclei in L1s. (E, F) Strong UNC-85-GFP
expression in intestinal nuclei (arrow) in L2. Mid-L3 (G, H) and mid-L4 (I, J) expression
of UNC-85-GFP in vulval precursor and other somatic gonad nuclei, and in intestinal
nuclei. Arrowheads indicate the position of the vulva (ventral side), and anterior is to
the left. Scale bars are 10 µm.
Fig. 4. unc-85 mRNA expression in early embryos and germlines. RNA in situ hybri-
dization to wild-type embryos and dissected gonad arms using an unc-85 antisense
probe (A, C, and E) or a negative control sense probe (B, D and F). unc-85 is ubiquitously
expressed in early (four-cell-stage) (A) and multicellular embryos (C). Strong unc-85
mRNA expression is observed throughout the germline in dissected gonad arms (E).
Scale bars are 20 μm.
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with the antisense probe was observed in embryos and in germlines,
consistent with unc-85 expression in actively replicating cells. These
results suggest that the lack of expression of the transgenic unc-
85ãgfp constructs in the germline and early embryos is most likely
caused by silencing of the high-copy arrays.
unc-85 mutants exhibit post-embryonic DNA replication failures in
ventral cord motoneuron precursors
All unc-85 mutant worms become uncoordinated by the second
larval stage, when cell lineages in the ventral cord neuroblasts areblocked due to variable failed cell divisions (Horvitz and Sulston,1980;
Sulston and Horvitz, 1981; White et al., 1982). In order to understand
the function of UNC-85, we therefore focused on investigating its role
in neuroblast cell divisions. The identity of each motoneuron can be
unambiguously determined based on the position of its nucleus in the
ventral nerve cord using Nomarski optics (White et al., 1986). In newly
hatched L1s, post-embryonic development has not yet begun, and 15
nuclei can be observed in the ventral nerve cord. Post-embryonic cell
divisions of 13 neuroblasts in the ventral nerve cord are complete by
the L1/L2 molt, resulting in a total of 57 motoneurons in the ventral
cord (Sulston, 1976).
We chose the unc-85(n319) allele for more detailed analysis of the
ventral neuroblast cell division defects, as these worms expressed the
least unc-85 mRNA, and therefore would be expected to display the
strongest loss-of-function phenotype. To conﬁrm that ventral cord
lineage failures occur post-embryonically, we stained the nuclei of L1
and L3 wild-type and mutant larvae with DAPI, and counted the
number of ventral cord motoneuron nuclei (Fig. 5). In this experiment,
embryos were hatched in the absence of bacteria so that the L1 larvae
would arrest in development prior to undergoing any post-embryonic
cell divisions, as feeding is the signal for initiation of post-embryonic
Fig. 5. Post-embryonic cell proliferation and DNA replication failures in unc-85(n319) ventral cord motoneurons. Synchronized L1s and L3s were DAPI-stained and confocal Z-series
projections were constructed. Scale bars are 20 μm. (A) Wild-type and (B) unc-85(n319) L1 larvae. Arrowheads indicate ventral cord nuclei (VCN). (C) Wild-type L3. The ﬂuorescent
signals of individual VCN (arrowheads) are approximately equal, and each can be unambiguously distinguished by its position. (D) unc-85(n319) L3. Fewer VCNs are seen compared to
panel C, and larger, often brighter nuclei (arrows) and spacing variations are observed. The insets in panels C and D show enlargements of the boxed regions. (E) Histogram of ventral
cord motoneuron DNA content, displaying the percentage of ventral cord motoneuron nuclei (y-axis) as a function of the haploid DNA content (x-axis) normalized to body muscle
nuclei, the 2 n internal standard. Solid line, N2 (wild-type) neurons; dashed line, unc-85(n319). Vertical lines indicate mean DNA content (N2: 1.96 n; unc-85(n319): 2.53 n) from each
population.
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sent and positioned normally in wild-type and in unc-85(n319) L1s
(Table 1, Figs. 5A and B, arrowheads). However, fewer nuclei are
present in unc-85(n319) ventral cords than in the ventral cords of
wild-type L3s (Table 1, Figs. 5C and D). The number of ventral cord
nuclei in unc-85(n319) L3s varied, ranging from 30 to 51 (Table 1, Fig.Table 1
Embryonic (L1) and post-embryonic (L3) ventral cord nuclei (VCN) counts from wild-
type (N2) and unc-85(n319)
Strain # Embryonic VCNs # Post-embryonic VCNs
Wild-type (N2) 15±0 57±0
unc-85(n319) 15±0 40±6
n=16 for all samples.5D), but was always less than the 57 ventral cord nuclei that are
invariably present in the wild-type (n=16). Spacing variations bet-
ween adjacent ventral cord nuclei were often observed in unc-85
(n319) mutants (Fig. 5D), also consistent with post-embryonic cell
division failures in the ventral cord precursors.
We next investigated the cause of the post-embryonic neuroblast
cell division failures. Asf1 depletion in budding yeast causes slow
growth and delayed cell cycle progression at S phase (Tyler et al.,
1999), as well as triggering the activation of checkpoint proteins,
resulting in the cessation of DNA synthesis (Kats et al., 2006). Asf1 also
prevents DNA damage by maintaining replication fork stability and
promoting S phase progression under replication stress in yeast
(Franco et al., 2005; Groth et al., 2005) and human cells (Groth et al.,
2005). Consistent with these ﬁndings, the ventral cord nuclei of unc-
85(n319) larvae often appear more highly condensed than wild-type
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might cause the cell proliferation defects. We therefore quantiﬁed the
DNA content of the ventral cord motoneurons. Synchronized L3 larvae
were stainedwith DAPI and imaged by confocal microscopy. Bodywall
muscle nuclei were used as a 2 n internal standard for quantiﬁcation of
the DNA content of individual ventral nerve cord nuclei. The DNA
content of ventral nerve cord nuclei fromwild-typeworms exhibits, as
expected, a normal distribution, a symmetric and bell-shaped density
curve, with an average DNA content of 1.96 n (N=737) (Fig. 5E),
consistent with the expected 2 n DNA content of normal, mono-
nucleated somatic cells. If the cell division failures in the unc-85
mutants occurred after S phase, such as in cytokinesis, as was pre-
viously suggested (Sulston and Horvitz, 1981; White et al., 1982), a
bimodal distribution with peaks at 2 n and 4 n would be expected.
However, the DNA content distribution of ventral cord motoneurons
from unc-85(n319) is not bimodal, but is biased toward higher ploidies,
with an average DNA content of 2.53 n (N=693) (Fig. 5E). A one-tailed
Student's t-test gives an extremely low p-value, 2.9E-33 (1% con-
ﬁdence), indicating that this increase in the average DNA content is
highly signiﬁcant. It is also notable that ploidies greater than 4 nwere
observed, suggesting that the cell division failures do not result in cell
cycle arrest. These results, that a signiﬁcant proportion of motoneur-
ons within the mutant population exhibit DNA contents between 2 n
and 4 n, are most consistent with failures in DNA replication.
Discussion
Use of microarray-assisted positional cloning to identify unc-85
Traditional forward genetic approaches are time-consuming and
require markers of known chromosomal location to determine the
location of the gene responsible for a mutant phenotype. The utility of
conventional three-point mapping techniques to determine the unc-85
genomic locus was limited by a lack of suitable genetic markers and
conﬁrmed SNPs in the unc-85 region of chromosome II (Wormbase,
2005). After narrowing the unc-85 region from 667 Kb to 90 Kb, further
progress was stymied by the failure to observe strong cosmid rescue of
the e1414 mutant phenotype; very few and only partially rescued
progeny were obtained with the cosmid subsequently found to contain
unc-85. The low level of rescue has several possible causes: mitotic
instability and incomplete inheritance of high-copy arrays (Mello and
Fire, 1995), DNA rearrangements occurring during array formation
(Dernburget al., 2000), andoverexpressionof themultiple genespresent
in each cosmid. Additionally, loss of a putative histone chaperone suchas
UNC-85 could result in epigenetic effects that prevent full rescue.
We had two reasons for using a microarray-based method for
detection of differences in mRNA expression (Dybbs et al., 2005) to
identify the unc-85 gene. First, the extremely low level of cosmid
rescue caused uncertainty that the unc-85 region had been correctly
identiﬁed. Second, several of the candidate genes found in the two
weakly-rescuing cosmids had coding regions spanning more than
10 Kb, which would present difﬁculties for subcloning and transfor-
mation rescue. Our approach reﬁnes the originally published method
(Dybbs et al., 2005), by combining additional conventional mapping
methods with microarray analysis to eliminate the false-positive
candidates. The successful identiﬁcation of unc-85 as encoding an
Asf1 homolog provides an independent conﬁrmation of the utility of
microarray-assisted positional cloning, particularly where more
conventional methods are problematic.
unc-85 gene expression correlates with DNA replication
Depletion of yAsf1 causes increased sensitivity to replication
stress, activation of replication checkpoints, and genomic instability
during S phase (Ramey et al., 2004). In cultured human, chicken, and
ﬂy cells, Asf1 RNAi affects progression through S phase and causesmitotic defects, including multipolar spindles (Groth et al., 2005;
Sanematsu et al., 2006; Schulz and Tyler, 2006). Furthermore, yAsf1
physically interacts in vitro with a replication fork component, repli-
cation factor C (Franco et al., 2005). Drosophila Asf1 is detected in
replicating embryonic nuclei (Bonnefoy et al., 2007), and localizes
to replication forks in vivo (Schulz and Tyler, 2006). All of these re-
sults together suggest that Asf1 proteins play a critical role in DNA
replication.
Consistent with these known Asf1 functions, UNC-85 is expressed
in replicating cells throughout development, where it localizes in
nuclei. Once a particular cell lineage is completed, unc-85 expression
becomes undetectable. Although qRT-PCR results indicate that young
adults maximally express unc-85, no UNC-85-GFP expression is ob-
served in young adults carrying high-copy transgenic arrays in either
somatic tissues or in the germline. However, in situ hybridization
experiments reveal strong unc-85 mRNA expression in young adult
hermaphrodite germlines, in both the mitotic and the meiotic regions,
where there are abundant DNA replication events (Fig. 4E). Transgenic
arrays are silenced in the germline, consistent with the absence of
UNC-85-GFP expression. Taken together, these data demonstrate that
unc-85 is expressed in actively replicating cells throughout develop-
ment, and UNC-85 localization is consistent with a role in replication.
unc-85 functions in post-embryonic ventral cord neuroblast cell
divisions
All unc-85 mutant worms become uncoordinated by the second
larval stage, when cell lineages in ventral cord neuroblasts are blocked
due to failed cell divisions (Horvitz and Sulston, 1980; White et al.,
1982). Fewer neuronal nuclei are present in unc-85(n319) L3 larvae
compared to wild-type, and a signiﬁcant proportion of the n319 ven-
tral cord motoneurons exhibit ploidies greater than 2 n. These results
are consistent with failed replication resulting in failed neuroblast cell
divisions, causing uncoordinated locomotion. Our results conﬁrm the
essential role of UNC-85 in neuroblast DNA replication during post-
embryonic development.
Although the in vivo signiﬁcance is unknown, in vitro transcribed
and translated UNC-85/ASF-1 protein is a substrate for in vitro
phosphorylation by the C. elegans Tousled kinase, TLK-1 (Han et al.,
2005; Sillje and Nigg, 2001). Tousled kinases are implicated in DNA
replication and repair, and in chromatin remodeling (Han et al., 2005;
Han et al., 2003). Loss of tlk-1 function by RNAi severely affects em-
bryonic cell divisions by affecting chromatin integrity (Han et al.,
2005), suggesting that TLK-1 may function with the two C. elegans
Asf1 family members to ensure accurate chromatin assembly and
replication. However, although UNC-85 is expressed in dividing
embryos, no embryonic cell division defects are observed (Sulston
and Horvitz, 1981). A possible explanation for these dissimilar pheno-
types is that UNC-85 is likely to be only one of several substrates
functioning downstream of TLK-1; therefore, loss of unc-85 function
would likely be less severe than loss of tlk-1. Additionally, germline or
embryonic expression of the second C. elegans Asf1 homolog, ASFL-1,
could provide sufﬁcient function to compensate for loss of UNC-85.
In yeast, Asf1 is required for acetylation of histone H3 on K9 and
K56, modiﬁcations associated with newly synthesized histones and
with S phase in other species (Adkins et al., 2007; Driscoll et al., 2007;
Han et al., 2007a; Han et al., 2007b; Kuo et al., 1996; Recht et al., 2006;
Sobel et al.,1995; Tsubota et al., 2007). Histone acetyltransferase (HAT)
activity is not intrinsic to Asf1 proteins (Sutton et al., 2003), however,
Asf1 presents newly synthesized histones to HAT and enables their
efﬁcient modiﬁcation at speciﬁc residues. The fungal-speciﬁc histone
chaperone Rtt109 functions with yAsf1 to acetylate histone H3 on K56
(Collins et al., 2007; Driscoll et al., 2007; Han et al., 2007b; Tsubota et
al., 2007). Asf1 histone chaperones also are associated with the Gcn5
HAT in yeast (Adkins et al., 2007) and Drosophila (Carre et al., 2005),
which promotes acetylation of histone H3 on K9. Similarly, the
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HATs to promote H3 acetylation on K9.
Distinct developmental roles for two Asf1s?
Although budding yeast have a single ASF1 gene, the genomes of
many other species, including Homo sapiens, Mus musculus, Rattus
norvegicus, Arabidopsis thaliana, and C. elegans contain two Asf1-
encoding genes (C. elegans Sequencing Consortium, 1998; Haas et al.,
2002; Kawai et al., 2001; Munakata et al., 2000). The amino-terminal
functional domains of Asf1 homologs from different species are highly
conserved (~80% identical), with very similar structures (Daganzo et
al., 2003; Mousson et al., 2005), while their carboxyl-terminal tails are
highly variable. Although the carboxyl-terminus of yAsf1 contributes
to interactions with histones and mediates transcriptional silencing
(Tamburini et al., 2006), the crucial sites for binding to histones and
other partners, such as chromatin assembly factor-1 and histone re-
gulatory complex (HIR), are located in the functional domain (Daganzo
et al., 2003; Mousson et al., 2005; Zhang et al., 2005), and the yAsf1
functional domain fully complements the yeast deletion (Daganzo et
al., 2003). These results are consistent with our observations of similar
levels of transgene rescue of unc-85(e1414) mutants with full-length
UNC-85 and its functional domain, and with the hypothesis that the
essential functions of Asf1 proteins reside in the functional domain.
Because Asf1 paralogs within a species are highly similar, relating
functional differences to sequence variations is difﬁcult. Studies in
which the two hAsf1 genes were each expressed in cultured cells and
in budding yeast revealed that they have synergistic and independent
functions (Hayashi et al., 2007; Mello et al., 2002; Tamburini et al.,
2005), but distinct roles are difﬁcult to deﬁne because tissue-speciﬁc
or developmental functions cannot be examined in single cells.
In this study, a simple animal model was used to examine the
effects of loss of an Asf1 homolog. Although unc-85mRNA expression
in the germline and in embryos is relatively high, only ~5% embryonic
lethality is observed (I. F. Grigsby and F.P. Finger, unpublished), indi-
cating that unc-85 loss does not seriously compromise viability, and
the mutants are fertile, suggesting that germline cell divisions are also
unaffected. Phenotypes of unc-85 mutants include uncoordination,
primarily arising from post-embryonic replication failures in ventral
cord neuroblasts, egg-laying defects and male tail abnormalities,
demonstrating that unc-85 has tissue- and stage-speciﬁc functions in
C. elegans post-embryonic development. An additional null allele of
unc-85, tm2812, which bears a small genomic deletion, was isolated
after we had completed the work reported here. The phenotype of
tm2812 mutants resembles that of the previously characterized
alleles; they are viable but uncoordinated, especially in backing, and
have egg-laying defects (data not shown), providing additional sup-
port that the unc-85 phenotypes described here and in earlier work
(Horvitz and Sulston, 1980; Sulston and Horvitz, 1981), are loss-of-
function phenotypes. The mildness of these effects is surprising in
light of unc-85's high germline and embryonic expression. A possible
explanation is that those cells that also express asﬂ-1 could have
sufﬁcient Asf1 histone chaperone activity. Alternatively, the two Asf1
homologs may have different functions, with differential tissue- or
stage-speciﬁcity. Future studies will focus on characterizing the
developmental functions of asﬂ-1, and deﬁning the overlapping and
unique roles of the two C. elegans Asf1 homologs.
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